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Introduction
Primary biliary cholangitis (PBC) is a chronic cholestatic liver disease of autoimmune etiology, predominantly affecting middleaged women. Its prevalence varies by geographic region, from 0.7 to 49 per million individuals in the general population. 1 PBC is characterized by chronic nonsuppurative destructive cholangitis that gradually progresses to cirrhosis, ultimately resulting in liver failure. Low bone mineral density (BMD), osteoporosis, and bone fracture represent well-recognized complications of PBC, mainly associated with liver cirrhosis. 2 The increased risks of secondary osteoporosis is related with poor liver function in cirrhotic patients, which affects the transformation of 1,25(OH)2D3, the active form of vitamin D, and production of insulin-like growth factor 1. Liver cirrhosis also results in insufficient secretion of bile acids into the intestine, which reduces intestinal absorption of calcium and vitamin D. 3 Guañabens et al. reported that osteoporosis is more prevalent in middle-aged postmenopausal women with PBC than in the agematched general population. 4 Osteoporosis is, however, occasionally observed in PBC patients without liver-related symptoms or liver dysfunction, and it has not been clarified whether PBC itself represents a further risk for osteoporosis among PBC patients without liver cirrhosis. Therefore, we conducted a case-control study to examine BMD in PBC patients without liver cirrhosis and to assess whether these patients have increased risks of osteoporosis.
Methods
Patients. The present study enrolled consecutive female patients aged in their 50s or 60s, who were diagnosed with PBC between 2002 and 2012 at Okayama University Hospital or one of its affiliated hospitals. The diagnosis of PBC was established if the patient satisfied two of the following criteria: positive test for anti-mitochondrial antibody, biochemical evidence of cholestasis, and liver biopsy findings compatible with the diagnosis of PBC. 5 Patients showing other signs of liver injury or serum positivity for hepatitis B surface antigens or anti-hepatitis C virus antibodies were excluded from the study. The presence of obstructive biliary diseases such as stones or tumors was excluded in all patients following abdominal ultrasonography and computed tomography examinations.
Additionally, a group of postmenopausal women aged in their 50s or 60s, with no relevant medical history, were enrolled as healthy controls from a pool of volunteers recruited by the Department of Gastroenterology and Hepatology of Okayama University.
The study was conducted in accordance with the Helsinki Declaration and approved by the ethical committee of all participating institutes. All patients and healthy volunteers provided written informed consent for participation.
Evaluation of bone mineral density. Low BMD was diagnosed according to the Japanese guidelines for prevention and treatment of osteoporosis, in terms of the young adult mean (YAM) of BMD at the lumbar vertebrae L2 to L4. 6 Osteopenia was defined as BMD below 80% of the YAM, which is approximately equivalent to 1.5 standard deviations below average in the distribution of values used to develop the YAM. Similarly, osteoporosis was defined as BMD below 70% of YAM, which is approximately equivalent to 2.5 standard deviations below average in the distribution of values used to develop the YAM.
Histological evaluation. Liver biopsy was performed for all patients at the time of PBC diagnosis. The histological stage of PBC was determined according to the histological classification proposed by Nakanuma et al., 7 which is based on PBC-specific histological findings including fibrosis, bile duct loss, orceinpositive granules in the liver, cholangitis, and hepatitis.
Immunohistochemistry of keratin 7. Immuno-histochemical analysis was performed using formalin-fixed paraffin-embedded samples obtained at the time of PBC diagnosis. Preparation of the sample sections and immunostaining for keratin 7 (K-7) were performed as described previously. 8, 9 K-7 expression patterns were classified as previously described: grade 1, K-7 expression noted in bile duct epithelial cells and proliferated bile ductules; grade 2, periportal hepatocytes positive for K-7; grade 3, intralobular hepatocytes also positive for K-7; and grade 4, K-7 diffusely stained throughout the lobules. 8, 9 Statistical analysis. Quantitative data are expressed as means ± standard deviations. Patient characteristics were compared using the Mann-Whitney U-test. The incidence of osteoporosis was compared between the matched groups of PBC patients and healthy controls, using the Kruskal-Wallis test or the Fisher exact probability test. The relationships between low BMD and clinical or histological characteristics were analyzed using logistic regression. The propensity score of the factors associated with low BMD was estimated for each patient using a logistic regression model. The PBC patients were matched with healthy volunteers for the factors identified to correlate with low BMD, and a caliper width within 0.1 of the propensity score was applied. Correlations of PBC-specific histological features and bone metabolisms were evaluated with the Spearman's rank correlation coefficient. Statistical analyses were performed using JMP Pro version 12.0 (SAS Institute, Cary, NC, USA), and P-values < 0.05 were considered to indicate statistical significance.
Results
Characteristics of the primary biliary cholangitis patients enrolled in the study. We enrolled 137 consecutive PBC patients, all postmenopausal women aged in their 50s or 60s, with no liver-related symptoms or fragility fracture at the time of PBC diagnosis. A total of 9 patients were excluded from the present analysis because of the following reasons: histological diagnosis of cirrhosis (five patients), confirmation of regular menstrual cycle (three patients), and progression to end-stage renal disease requiring dialysis treatment (one patient). Table 1 provides a summary of the baseline characteristics of the 128 patients who fulfilled the inclusion criteria at the time of PBC diagnosis. The mean age of the patients was 61 years, and 70% of the patients were positive for anti-mitochondrial antibody. All patients had abnormal levels of γ-glutamyl transpeptidase (GGT), but did not show signs of impaired liver function, as the total bilirubin level, albumin level, and platelet count were all within normal limits.
Evaluation of clinical and histological characteristics as potential risk factors for osteoporosis in primary biliary cholangitis patients. Following logistic regression analysis (Table 2) , we found that the age at diagnosis and body mass index were significantly associated with low BMD (P: 0.020 and 0.015, respectively), while the levels of biliary enzymes such as alanine aminotransferase, alkaline phosphatase (ALP), and GGT were not. Findings related to liver function (total bilirubin, albumin, and platelet count) showed no significant correlations with low BMD. Renal function was significantly associated with BMD among the patients (P = 0.021). Most patients, however, possessed sufficient renal function, and only five patients had moderate renal dysfunction with estimate glomerular filtration rate < 50 mL/min/1.73m 3 . A similar lack of statistical significance Data given as median (range) or mean ± standard deviation.
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was noted for the correlations between low BMD and PBCspecific histological findings.
Comparison of bone mineral density between primary biliary cholangitis patients and propensity-score matched healthy volunteers. Because our logistic regression analysis showed that the age at diagnosis and body mass index were significantly associated with osteoporosis in PBC patients, the propensity scores were calculated for age at diagnosis and body mass index, and 100 PBC patients were matched with 50 healthy controls.
After propensity-score matching, the matched subgroups of PBC patients and healthy controls showed similar age, age of menopause, body mass index, and BMD (Table 3) . Nevertheless, the diagnosis of low BMD and osteoporosis was significantly more frequent in the PBC group than in the control group (P = 0.050, Kruskal-Wallis test; Table 3 ). Similarly, the prevalence of patients with osteoporosis was significantly higher in the PBC group (26%) than in the control group (10%, P = 0.015, the Fisher exact probability test).
Markers of bone turnover in primary biliary cholangitis patients. The mechanisms underlying reduced BMD in PBC patients were assessed by examining the levels of blood and urine markers of bone turnover (Fig. 1) . No decrease in the levels of vitamin D was observed among these patients, confirming the lack of liver dysfunction. There were several patients with above-normal levels of intact parathormone or vitamin D (18% and 34% of patients, respectively) . Nevertheless, the serum levels of calcium were within normal ranges in all patients. No patient showed decreased levels of bone formation markers such as bone-specific alkaline phosphatase, but many patients (95%) showed above-normal values. The urine marker of bone resorption type I collagen-cross-linked N-telopeptide showed variable levels among our sample of PBC patients.
Associations between markers of bone turnover and primary biliary cholangitis-specific histological findings. To further clarify the mechanisms underlying reduced BMD in non-cirrhotic PBC patients, we examined the associations between PBC-specific histological findings and markers of bone turnover (Table 4) . Advanced fibrosis was significantly correlated with low levels of serum bone-specific alkaline phosphatase, serum osteocalcin, and urine type I collagen-cross-linked N-telopeptide (P = 0.040, 0.0018, and 0.025, respectively; Spearman's rank correlation coefficient), suggesting that advanced fibrosis is associated with low bone turnover with decreased bone formation and resorption. Cholangitis and hepatitis were associated with decreased bone formation but showed no relationship with bone resorption. In terms of lobular cholestasis, the finding of orcein-positive granules in the liver showed no significant associations with bone turnover markers, while bile duct loss tended to indicate low bone turnover, showing weak associations with serum osteocalcin and urine type I collagen-cross-linked N-telopeptide (P = 0.01 and 0.056, respectively).
Associations between markers of bone turnover and aberrant keratin 7 expression. Lobular cholestasis, defined in terms of aberrant K-7 expression in hepatocytes, also indicated low bone turnover, showing significant negative correlation (the Spearman's rank correlation coefficient) with both bone formation and resorption (Table 4 and Fig. 2) . Additionally, aberrant K-7 expression in hepatocytes was significantly correlated with GGT levels (R = 0.34, P = 0.0088), but not with ALP levels (R = 0.17, P = 0.21). The prevalence of osteoporosis was slightly higher in patients with K-7 expression of grade 3 or 4 than in those with K-7 expression of grade 1 or 2, but the difference was not statistically significant (36% vs 31%, P = 0.22; the Fisher exact probability test).
Discussion
We conducted the present case-control study to examine BMD in PBC patients without liver cirrhosis and to assess whether these patients have increased risks of osteoporosis. Our analysis Data given as mean ± standard deviation, unless otherwise specified. † Bone mineral density according to the classification proposed in the Japanese 2011 guidelines for prevention and treatment of osteoporosis.
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involving propensity-score matched groups of middle-aged postmenopausal women revealed that, compared with healthy controls, even non-cirrhotic PBC patients have higher risk of osteoporosis. Histological examinations suggested that PBC itself results in a further risk for low bone turnover associated with lobular cholestasis in non-cirrhotic PBC stages. Osteoporosis is known to be associated with old age, female sex, reduced physical activity, and low body mass index. 6 Further factors such as a history of fracture, steroid treatment, smoking, alcohol abuse, and diabetes mellitus are thought to increase the risk of secondary osteoporosis. While hepatic osteodystrophy is a known complication in patients with liver cirrhosis, [10] [11] [12] it is occasionally observed in PBC patients without liver cirrhosis. 11 The present investigation represents the first case-control study to evaluate whether PBC itself may increase the risk of osteoporosis even in non-cirrhotic patients. We found that, compared with healthy controls, PBC patients in non-cirrhotic stages indeed have significantly higher risk of osteoporosis.
Our results indicated that low BMD occurred due to unbalanced bone resorption, despite increased bone formation. There has been an increasing amount of evidence that BMD is not only controlled by the cells in bone but also by the cells in muscle, neurons, endocrine organs, and kidney. 13 Body mass index, reflecting muscle volume in part, may be significantly associated with low BMD. BAP, bone-specific alkaline phosphatase; K-7, keratin 7; NTx, type I collagen-cross-linked N-telopeptide.
Post-menopausal women often have low levels of estrogen, which may trigger high bone turnover with increased bone resorption over bone formation. 6 On the other hand, low bone turnover with decreased bone formation and resorption was noted in patients with liver cirrhosis. 1 The present study enrolled only postmenopausal women in their 50s or 60s; all patients were non-cirrhotic and maintained good liver function with sufficient secretion of bile acids into the intestine. While it is possible that these postmenopausal patients had high bone turnover with increased bone resorption over bone formation because of the low levels of estrogen, some of the patients with lobular cholestasis showed low bone turnover. It was previously noted that PBC patients occasionally have lobular cholestasis with bile duct loss even in non-cirrhotic stages. 9 Taken together, these results suggest that this specific feature of PBC (i.e. lobular cholestasis) may cause secondary osteoporosis in PBC patients.
Decreased renal function due to secondary Sjögren's syndrome might be observed in PBC patients. 10 The present results showed that renal function was significantly associated with BMD among the patients. Most patients, however, possessed sufficient renal function, and only five patients had moderate renal dysfunction.
None in the propensity-score matched subgroup had moderate or severe renal dysfunction.
Inflammatory cytokines, such as interleukin (IL)-1beta, IL-6, and tumor necrosis factor, were increased in PBC as similarly reported in various inflammatory disorders, 14 which may enhance osteoclast formation that is responsible for bone resorption. 15 In recent reports, GGT has been identified as a novel bone-resorbing factor that stimulates osteoclast formation. [16] [17] [18] In a mouse model of cholestasis, elevated GGT levels were found to stimulate the expression of receptor activator of NF-κB ligand in osteoblasts and to activate osteoclast formation. 17 Although patients with cholestatic liver diseases often exhibit high serum levels of ALP and GGT at once, the present results indicated that GGT level, but not ALP level, correlated significantly with cholestasis, suggesting that lobular cholestasis in PBC patients triggers bone resorption because of increased GGT levels. On the other hand, it has been reported that higher ALP levels in PBC patients indicate severe cholangitis, but not severe cholestasis. 19 The histological analysis in the present study showed that cholangitis was associated with bone formation, but not with bone resorption. Guañabens et al. recently reported similar results that liver sclerostin, one of the regulators of osteoblast, was associated with the severity of cholangitis in PBC patients. 20 Aberrant K-7 expression in hepatocytes is a more sensitive marker of lobular cholestasis than bile duct loss or orcein-positive granules in the liver, as previously reported. 8, 9 The results of the present study revealed that, in cholestatic patients, aberrant K-7 expression in hepatocytes is clearly associated with bone turnover, which reflects the rate of bone formation and resorption. Therefore, in patients with lobular cholestasis and aberrant K-7 expression in hepatocytes, early initiation of preventive care should be considered, in order to reduce the risk for future osteoporosis or fragility fractures. Based on our results, we believe that medical therapies focused on improving bone turnover may be effective in reducing the risk of secondary osteoporosis in PBC patients; such therapies may include vitamin K2 supplements, to support osteocalcin synthesis and avoid the expression of receptor activator of NF-κB ligand following osteoclast activation. 21 Overall, the results of our study showed that, compared with healthy controls, even PBC patients in non-cirrhotic stages have significantly higher risk of osteoporosis. Furthermore, lobular cholestasis was associated with low turnover, suggesting that lobular cholestasis itself may cause secondary osteoporosis in PBC patients.
